The use of physiological, anatomical, and other biological tests is commonplace in the practice of medicine. In neurology, objectively measured tests termed biomarkers (BMs) are playing an increasing role in diagnosis and management of disease, both in clinical practice and in experimental therapeutics. This article will discuss the various applications of BMs to the assessment of therapies for neurological diseases and will use examples from neurological diseases to elucidate the strengths and potential weaknesses of BMs. As the understanding of the pathophysiology of many neurological diseases has improved, new BMs have been developed, and efforts have been made to use these as proxies for clinical endpoints. A BM used in this manner is referred to as a surrogate endpoint (SE). There are many potential advantages and disadvantages of using SEs in the evaluation of new therapies, and these will be reviewed as well. Furthermore, the evidence required for the development of an SE and the nature of the evidence that can be derived from the use of BMs and SEs will be discussed.
INTRODUCTION
Simple, inexpensive, reliable, and rapidly obtainable measures of a disease process may have great utility both in clinical care and in clinical trials. These types of measures, referred to as biomarkers (BMs) and surrogate endpoints (SEs), may be useful for diagnosis, prognosis, therapy, and drug development. Neurological disorders provide examples of many important issues related to the development and use of these measures. In addition, some neurological disorders, especially those that are neurodegenerative, may present unique challenges to the acceptance of these measures. This article will review the definitions, applications, successes, and failures of biomarkers and surrogate endpoints in neurology. Examples used in this paper will focus on multiple sclerosis (MS), stroke, and neurodegenerative diseases including Alzheimer's disease (AD), Parkinson's disease (PD), and Huntington's disease (HD), although similar examples could be found for many other neurological disorders.
The terms "marker" and "endpoint" imply certain applications. Markers in general can be understood as measures potentially applicable in clinical care as well as in research, whereas endpoints are by definition used in clinical research. A "clinical endpoint" is "a characteristic or variable that reflects how a patient feels, functions or survives." 1 Clinical endpoints are considered the gold standard for evaluating the efficacy of a new therapy. The term "surrogate marker" is sometimes used in common parlance and in the medical literature, [2] [3] [4] but it is a poorly defined term, and its use has been discouraged. 1 This paper will propose a definition for this term that may have a unique application to neurodegenerative disorders.
BIOMARKERS
The Biomarkers Definitions Working Group (BDWG) of the National Institutes of Health defines a BM as "a characteristic that is objectively measured and evaluated as an indicator of normal biological processes, pathogenic processes, or pharmacologic responses to a therapeutic intervention." 1 The development of BMs relies on the understanding of the pathological basis for the disease under study. This understanding could be at any level, from molecular genetic, to biochemical, to anatomical. An example of a molecular genetic BM is the cytosine-adenosineguanosine (CAG) repeat length in HD. This test can serve as a diagnostic test in symptomatic individuals [5] [6] [7] or as a prognostic test for presymptomatic individuals who know they are at risk for HD. 8, 9 This BM would be unlikely to be useful as a proxy for a clinical endpoint in a clinical trial, because it would be unlikely to change with a therapeutic intervention and can be abnormal in individuals with no clinical signs of disease (presymptomatic HD). Biochemical BMs used in clinical practice and clinical trials include measuring CSF oligoclonal bands to confirm the diagnosis of MS, 10 -12 and functional imaging of dopaminergic neurons in PD with dopamine transporter ligands, measures of dopamine metabolism (fluorodopa), or others. 13, 14 Anatomical BMs include magnetic resonance imaging (MRI) of lesion burden or cerebral atrophy in MS 10, [15] [16] [17] and confirmation of the clinical diagnosis of stroke with computed tomography (CT) or MRI. 18 In fact, in the absence of clinical signs or symptoms, these imaging methods can be used in isolation to diagnose stroke (silent stroke).
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APPLICATIONS OF BIOMARKERS
There are many potential valuable applications of BMs in medicine in general and in neurological diseases in particular. These applications may include the following: 1) diagnosis and differential diagnosis, 2) screening potential new therapies either in vitro or in vivo, 3) measuring severity, progression of disease, and responses to therapy, 4) predicting prognosis, and 5) measuring toxicity.
Diagnosis and differential diagnosis
There are multiple examples of BMs used in clinical neurology to aid with diagnosis. In most instances, the diagnosis of the condition remains predominantly a clinical one, and the BMs serve an auxiliary role. In MS, for example, although the diagnosis remains predominantly a clinical one, 22 the presence of white matter plaques on MRI has become a major contributor to the diagnosis. 11, 15, 17, 23, 24 In fact, white matter lesions that appear and disappear in different locations on MRI may be viewed with the same diagnostic value as clinical signs and symptoms that vary over time and space. In AD, CSF measures of tau protein, phosphorylated tau protein, and the 42 amino-acid residue form of amyloid-␤ have been proposed as helpful for distinguishing AD from mild cognitive impairment (MCI). [25] [26] [27] In early PD, given the difficulty of making an accurate diagnosis before exposure to levodopa, there has been great interest in developing a BM that would help in distinguishing idiopathic PD from atypical parkinsonism.
14,28 -31 Of these, the most promising appear to be imaging measures of either brain metabolism with 18 F-fluoro-2-deoxy-Dglucose and positron emission tomography (PET) or of cerebral blood flow as measured with SPECT. 32, 33 Studies examining the diagnostic accuracy of these and other methods have been difficult, because they rely on comparisons with the clinical diagnosis (the gold standard), which is known to be inaccurate ϳ15-20% of the time. 34 Ideally, a new diagnostic test for PD should be evaluated by comparing the results with a known postmortem pathological result, but no large-scale study using this method has been reported. Another approach, although imperfect, could compare imaging results early in the course of disease to the best clinical diagnosis after many years of follow-up; such studies are underway. In summary, there are many examples of BMs used to assist with diagnosis in neurology, and new diagnostic BMs will likely alter the practice of neurology in the future.
Preclinical drug discovery
Using BMs to screen new therapies for neurological diseases has proven to be difficult. Several potential problems arise when attempting to develop a BM as a predictor of therapeutic efficacy. One issue is whether the biological process used as a screen is relevant to the intended disease. For example, in HD there is much evidence that glutamate-mediated excitotoxicity is involved in the pathogenesis of the disease, [35] [36] [37] [38] so drugs have been screened in vitro and in animal models to assess their ability to block this effect. Drugs that are effective in the screening process (i.e., block glutamatemediated excitotoxicity) have failed in clinical trials, suggesting that the screening model may not be relevant to the disease. 39 This is not to say that glutamate is not involved in the pathogenesis of HD; there are multiple possible reasons (some of which may be difficult to foresee) that a biologically relevant screening test might not accurately predict therapeutic efficacy. 40 Some potential confounding factors include the following: 1) a drug might have additional biological effects which counter the known effects, 2) in vitro screening tests may not account for relevant in vivo biological processes, e.g., a drug that is useful in a screening test but does not cross the blood brain barrier would not be effective in the human disease, 3) the screening test might test for only one of several important mechanisms underlying the disease, and could represent only a small amount of the variance in the disease process, and 4) side effects could result in poor outcomes despite a favorable effect on the disease mechanism (see discussion of surrogate endpoints).
Assessments of disease severity, progression, and responses to therapy
There are many examples in neurology of BMs that are used for assessing severity of disease. One example already mentioned is the use of MRI for assessing lesion volume or burden in MS. The main use of objective BMs of disease severity is to document changes in response to therapy. In MS, MRI is used for this purpose both in clinical practice and in clinical trials. 11 In PD, BMs are generally not used in the assessment of symptomatic therapies, because clinical endpoints are relatively inex-pensive and sensitive for short-term efficacy trials. BMs have, however, been used extensively in clinical trials aimed at altering the progression of disease. 4, 13, [41] [42] [43] [44] Specifically, imaging measures of dopaminergic nigrostriatal integrity have been used to examine potential neuroprotective effects of drugs. In some of these studies, the BMs identified relative preservation of the dopaminergic system in subjects treated with dopamine agonists, 42, 43 suggesting slowing of disease progression. This occurred in the setting of better clinical function in the group not treated with dopamine agonists (but treated with levodopa). The results of these trials have raised significant and difficult questions regarding the use of BMs in neurodegenerative diseases, including the following: Can drugs affect the BMs independent of their effects on the disease process, and if so, are the BMs any better than clinical measures? Can side effects of drugs outweigh benefits in slowing disease progression? How much benefit is sufficient to warrant a given degree of toxicity? Conversely, how should symptomatic benefits in the absence of disease-modifying effects be weighed against modest neuroprotective effects in the absence of symptomatic benefits? Despite these concerns, BMs will likely continue to gain acceptance in the assessment of neurological disease severity and progression. As this occurs, they will be used more often in the assessments of therapies, although they will likely continue to be used in conjunction with clinical endpoints, and their utility will be dependent on careful assessments of reproducibility and validity.
Predicting prognosis
BMs may have utility in predicting prognosis or risk. In stroke, measuring low-density lipoprotein (LDL) and high-density lipoprotein cholesterol or electrocardiogram changes can provide important information regarding risk. [45] [46] [47] [48] [49] [50] Changes in these measures in response to therapy can reliably alter the risk. For example, converting atrial fibrillation to normal sinus rhythm will reduce the risk of stroke. 50 Similarly, angiography of the carotid arteries can be viewed as a BM that has utility in directing the mode of therapy for stroke prevention (i.e., carotid endarterectomy). [51] [52] [53] [54] BMs such as these will likely have an increasing role in the future in tailoring therapies for individuals within a given diagnosis as well as in designing clinical trials to optimize the likelihood of finding a benefit. For example, certain genetic markers have been identified that appear to predict responses to antidepressants 55, 56 ; perhaps in the future, PD patients with depression could be tested for specific genetic markers that would direct the choice of antidepressant.
Measuring toxicity
Safety and tolerability assessments in both clinical practice and clinical trials rely on BMs in addition to clinical evaluations. In clinical practice, for example, the safety of clozapine is monitored by weekly measures of white blood cell count. 57 Similarly, the use of tolcapone for the treatment of PD requires regular monitoring of liver function tests (LFTs). 58 Clinical trials use these measures and other standard laboratory tests routinely to monitor safety. Of all the uses and potential uses of BMs, this application to assessments of toxicity is probably the most widely accepted as having value independent of clinical assessments, i.e., the use of BMs as outcome measures in phase II clinical trials is not controversial. 40, 59 For example, if an individual has elevated LFTs, even in the setting of no clinical signs of liver dysfunction, the drug under study will likely be either withheld or reduced.
SURROGATE ENDPOINTS
The preceding discussion focused on BMs in general. SEs are unique and well characterized BMs that fit the following definition: "a biomarker that is intended to substitute for a clinical endpoint. A surrogate endpoint is expected to predict clinical benefit (or harm or lack of benefit or harm) based on epidemiologic, therapeutic, pathophysiologic, or other scientific evidence."
1 It is worth noting that although a SE is by definition a BM, not all (and, in fact, a very small minority) of BMs will meet the standard of a SE.
Surrogate endpoint validation
Strict criteria for the validation of a SE do not exist. Nonetheless, general guidelines for the interpretation of clinical trials using SEs have been proposed. 60 These guidelines provide a framework for understanding the nature of the evidence that is provided by SEs, and include the following: 1) "Is there a strong, independent, consistent association between the surrogate endpoint and the clinical endpoint?", which is a necessary but not sufficient condition, 2) "Is there evidence from randomized trials in other drug classes that improvement in the surrogate endpoint has consistently led to improvement in the target outcome?" 3) "Is there evidence from randomized trials in the same drug class that improvement in the surrogate endpoint has consistently led to improvement in the target outcome?" 4) Is there a "large, precise, and lasting...treatment effect?" and 5) "Are the likely treatment benefits worth the potential harms and costs?" 60 For a BM to be regarded as an SE, there must be a causal relationship between the BM and the clinical outcome. That is, establishing a connection between a BM and a disease process is not sufficient. Simply identifying a physiological defect in a given disease does not provide evidence that the defect is related to the clinical signs of the disease. A BM must be linked to a clinical outcome through a randomized controlled clinical trial (RCCT) to be characterized as an SE (FIG. 1) . For example, many studies in vitro and in vivo have established that there is abnormal oxidative stress in PD, [61] [62] [63] [64] [65] suggesting that BMs that measure oxidative stress might be useful for screening and assessing therapies for PD. The link between this particular mechanism and the clinical symptoms of PD, however, is weak, so that at this point, such a BM could not be considered a SE. Stated another way, "If there is no clearly established causal link between (biomarkers of) a given pharmacologic action and clinical outcome, then no amount of evidence confirming that the pharmacologic action is linked to treatment will increase confidence that the clinical outcome is also linked to treatment." 66 The US Food and Drug Administration (FDA) utilizes the definition of a SE to define how SEs may be used to achieve drug approval in their Fast Track program [described by Katz in the present issue of NeuroRx ® (1:307-316, 2004)], stating that a BM can be characterized as a SE if it is "...reasonably likely, based on epidemiologic, therapeutic, pathophysiologic, or other evidence, to predict clinical benefit." 1 The problem is that the term "reasonably likely" remains poorly defined. Until 1997, the FDA required the results of several RCCTs to approve a drug. Specifically, the guidelines required "adequate and well controlled investigations," and this was interpreted to mean a minimum of two such trials. 66 It is worth noting that the original intent of this regulation has often been subverted by the common practice of performing two identical RCCTs. 66 That is, the purpose of requiring more than one investigation was to insure that the findings could be replicated in different populations at varying times and places; simply repeating the same trial does not necessarily achieve this goal, and may undermine the value of replication. In 1997 [see Katz in the present issue of NeuroRx ® (1:307-316, 2004)], the FDA altered the requirement to "data from one adequate and well controlled investigation and confirmatory evidence." 67 The term "confirmatory evidence" has not been adequately defined, but clearly has relevance to BMs in general and SEs in particular. Although BMs are identified through basic science research, their causal relationship to the clinical manifestations of a disease can only be confirmed through clinical trials, i.e., a RCCT of a drug that works through a specific known mechanism that demonstrates an improvement in clinical symptoms provides evidence that the mechanism is relevant to the disease. When other drugs with the same mechanism of action also are shown to have clinical benefit, a BM reflecting this mechanism may be accepted as a SE. Lowering of LDL cholesterol provides an example of this. Measurements of LDL, although a BM, could not be considered an SE until RCCTs demonstrated a link between lowered LDL and reduced risk of stroke and cardiovascular disease. As this discussion suggests, it is almost impossible to imagine an SE being accepted for the evaluation of a "first-in-class" drug. 66 That is, evidence may suggest that a particular pathomechanism underlies a given disease, and drugs that affect this mechanism might be developed; nonetheless, a BM reflecting the proposed mechanism could not be used as an SE in a RCCT until at least one drug with the relevant mechanism of action has been demonstrated to produce a clinical benefit using standard clinical endpoints.
An ideal SE will reflect all relevant clinical information, not just information relating to efficacy. 68 This must be the case if a SE is to be used in the absence of standard clinical endpoints. The reason for this is that unexpected side effects of a therapy could produce negative outcomes even if a well characterized SE predicted clinical benefit. The most widely cited example of this is the Cardiac Arrhythmia Suppression Trial (CAST). High rates of ventricular premature contractions (VPCs) following myocardial infarction are associated with increased risk of sudden death; in the CAST study, however, successful suppression of VPCs resulted in a threefold increase in mortality. 69 In this case, the SE of frequency of VPCs did not predict clinical benefit. A subtler version of this problem has been raised by the recent trial comparing different cholesterol-lowering agents for the reduction of atherosclerosis (presented at the American Heart Association meeting in November, 2003) . In this trial, Lipitor was compared to Pravochol in a blinded manner. When matched for degree of cholesterol lowering, Lipitor produced a statistically significantly greater benefit in reversing atherosclerotic disease, suggesting that measuring cholesterol does not capture all of the relevant clinical information. That is, an SE might be useful for predicting benefit, but might not be satisfactory for determining degree of benefit. Cholesterol measures are perhaps the most widely cited and accepted SEs, yet they are imperfect. These observations suggest that even relatively well characterized SEs should be used in combination with clinical endpoints.
SURROGATE MARKERS
The BDWG states that the term surrogate marker (SM) should not be used because it implies that the "substitution is for a marker rather than for a clinical endpoint." 1 In neurodegenerative disorders such as PD, HD, and AD, however, the goals of experimental therapies are twofold-better symptomatic therapies, and treatments to slow disease progression or delay disease onset. 70 With regard to the latter, clinical endpoints are used as biomarkers (clinical measures such as blood pressure have been used as BMs previously), and in fact probably should be referred to as clinical markers, i.e., they are not measured for the purpose of detecting clinical benefit but for their reflection of the underlying pathological neurodegenerative process. In fact, in a neuroprotective trial for PD, for example, the goal of the trial is to detect no change in clinical status; even a worsening in clinical status could be considered a success if the rate of worsening is slower than expected. If an improvement in clinical status occurs, this is considered a potential confound. For this very reason, clinical scales are quite poor measures of disease progression, because they may be affected by symptomatic therapies and can therefore lead to misleading interpretations of results. The Deprenyl and Tocopherol Antioxidative Therapy of Parkinsonism (DATATOP) study provides an example. 71 This study hypothesized that deprenyl, a monoamine oxidase B inhibitor, would slow the progression of PD, and earlier small-scale studies had demonstrated no symptomatic benefit from deprenyl in PD. In this study, 800 PD subjects were randomized to receive deprenyl and/or tocopherol alone or in combination in a 2 ϫ 2 factorial design. The primary outcome measure was need for dopaminergic therapy. The subjects randomized to deprenyl were found to be less likely to require dopaminergic therapy over time, and this was initially interpreted as evidence that deprenyl slowed the progression of PD. Subsequent analysis, however, found that the reason for the difference was that deprenyl produced a small but statistically significant symptomatic benefit (detected because of the increased power in this large-scale trial). A commentary on this trial at the time stated: "The null hypothesis of this protocol is: the investigational drugs do not retard the pathologic process...The null hypothesis may validly be rejected only if there is a significant difference between control and treated groups in the absence of symptomatic effects...This restrictive stipulation is essential because the protocol's only significant measure of pathologic process is symptom severity." 72 This sentiment reflects the widely held belief that measuring clinical severity alone in degenerative diseases is not sufficient for proving neuroprotection.
The DATATOP study demonstrates that the goal of biological substitute measures for clinical measures of progression is to improve on clinical measures, not to equal or approximate the clinical measures. This is conceptually quite different from a surrogate endpoint; the BDWG states that "the assessment of clinical endpoint in controlled clinical trials provides the most convincing evidence for the benefit of an intervention," 1 but this is not necessarily the case for neuroprotection trials, as demonstrated by the DATATOP study and its subsequent critique. In this regard, clinical measures cannot be considered the gold standard for measuring disease progression. Though fraught with potential problems (e.g., distinguishing symptomatic from neuroprotective effects), this is in fact how clinical measures are currently used in neuroprotection clinical trials. Therefore, in this sense, a biomarker substituting for a clinical measure of progression (clinical marker) should be considered a SM.
This distinction between a clinical endpoint and a clinical marker is important and counter-intuitive. In medicine in general, useful therapies are understood to have measurable benefits for an individual patient. That is, for example, levodopa improves the symptoms of PD, statins lower cholesterol (something measurable) thereby reducing the risk of stroke, or antihypertensives lower blood pressure (again, something measurable) resulting in lower risk of stroke. Neuroprotective therapies, by contrast, might be expected to produce no measurable change (clinical or biological) in a given individual, and can only be shown to be effective over time in an RCCT. For example, if 2-␤-carbomethoxy-3-␤-(4-[
125 I]iodophenyl)tropane SPECT were used as a biomarker in the assessment of PD progression, an individual subject would demonstrate a progression of their disease over time even if a therapeutic intervention were successful in slowing progression; there would be no way of knowing on the basis of this BM or on clinical grounds if the individual was benefitting from the drug, and the only way to demonstrate benefit is through a group comparison in an RCCT. This concept of a therapy producing a benefit that cannot be measured in an individual is counter-intuitive and not often encountered by patients or physicians.
Presymptomatic HD provides another example of how the term surrogate marker may have a role. Studies aimed at slowing progression in presymptomatic carriers of the HD gene mutation cannot use clinical measures because the subjects are by definition asymptomatic and without clinical signs of HD. If a group of investigators chooses to study progression in this population using an imaging modality such as MRI or PET, these biomarkers cannot be said to be acting as surrogate endpoints because they are not substituting for a clinical endpoint (see definitions above). They are, however, acting as proxies for the measurement of pathological disease progression and therefore can be considered surrogate markers. One might counter that presymptomatic HD could be studied using onset of clinical symptoms as a clinical endpoint, but although this is true, it is not a requirement. In this latter situation, the biomarkers would be substituting for a clinical endpoint (analogous to lowering cholesterol), reducing the risk over time of developing HD, and therefore could be considered surrogate endpoints. The distinction is not simply academic; at this point, neurologists consider the slowing of disease progression in neurodegenerative disorders a goal in and of itself, independent of any demonstrable clinical benefit, because it is assumed that slower pathological progression will mean improved clinical outcome. This assumption may not be valid, and this view may change in the future, but for now, the distinction between a clinical endpoint and clinical marker, and the resultant distinction between a surrogate endpoint and a surrogate marker (FIG. 2) . The use of the separate terms SE and SM is favored here because they reflect the duality of the purpose of the surrogate, i.e., long-term outcome in neurodegenerative disorders is a function of both short-term symptomatic effects and pathological progression, and clinical measures alone cannot be used to tease apart these aspects of disease. In fact, neurodegenerative disorders may be unique with regard to the relationship between pathological progression and clinical status. For example, early PD patients may appear clinically normal on levodopa despite the loss of 50-70% of their nigral dopaminergic neurons and the presence of Lewy bodies; wide clinical variations (improvement or worsening) may not be associated with pathological changes. Again, the purpose of using imaging measures in neurodegenerative disorders is to provide information regarding the pathological status of the disease, not to substitute for the clinical measures. A BM that was 100% linked to clinical status in PD, for example, would be less useful for this purpose, so it would seem inappropriate to refer to it as "validated." Similarly, a BM used for measuring pathological progression that has not been linked to clinical outcome might still have significant value, which would not be reflected in the term "unvalidated."
The terms SE and SM capture the dual intent of these measures.
There are several potential risks of using surrogates in clinical trials regardless of whether they are validated. Some of these risks, specifically with regard to SEs, have already been discussed. SMs, or unvalidated surrogates, carry additional risks, including the following: 1) results contradicting clinical outcomes may be difficult or impossible to interpret, 2) unexpected acute effects of the therapy on the SM could confound results analogous to the problems with using clinical measures of progression (see DATATOP discussion above), and 3) positive results from SMs in the absence of clinical benefit could be erroneously used to promote the use of a drug. These problems can be mitigated to some extent by always using clinical outcomes in conjunction with an SM.
Given that SMs, as defined in this paper, are not substituting for clinical endpoints, the evidentiary standard for their use should be quite different than that of SEs. Clinical endpoints are the gold standard for evaluating symptomatic therapies, but clinical markers may not be the gold standard for evaluating neuroprotection. As mentioned above, surrogate markers should always be used in combination with clinical endpoints in neuroprotective clinical trials, because information regarding the short-term symptomatic effects of a proposed neuroprotective agent will need to be known to fully understand any disease modifying effects. In addition, suggesting a neuroprotective effect in the absence of any clinical measure of benefit will remain a controversial result until a given SM is accepted as truly reflecting the disease process. How this will be achieved remains uncertain.
CONCLUSION
BMs have become commonplace in clinical neurology, and evidence from BMs in clinical trials is gaining in acceptance. BMs can be used for many purposes in clinical neurology and in experimental therapeutics, including but not limited to diagnosis, prognosis, and evaluation of therapeutic efficacy and toxicity. BMs may substitute for clinical measures of efficacy (symptomatic therapies) or for measures of pathological disease progression (neuroprotective therapies). When a BM is used to substitute for a traditional clinical endpoint, it is referred to as an SE. The standards for validation of an SE require data from both basic science and clinical trials, and the use of SEs in subsequent trials must be undertaken with great caution, especially when not used in conjunction with clinical endpoints. This paper proposes that when a BM is used to substitute for a clinical measure of pathological disease progression (clinical marker) it should be referred to as a surrogate marker. This type of BM will need to be used with traditional clinical endpoints in future clinical trials aimed at slowing disease progression in neurodegenerative disorders.
